Background/Aims: Hemodialysis implies significant alterations in the profile of serum components. microRNAs (miRNAs) are present in the human serum and are considered to target distant tissues where they can regulate gene expression, thus affecting homeostasis. Whether hemodialysis alters the profile of miRNAs in the serum is not known. Methods: miRNA profiling in serum samples collected before and after hemodialysis was performed using miRNA qPCR arrays. The results were subsequently validated in an independent group of 10 hemodialyzed men. miRWalk database was used to identify mRNAs targeted by the miRNAs the levels of which changed after hemodialysis. The list of mRNAs was analyzed using the DAVID and PANTHER classification systems to identify pathways controlled by these miRNAs. Results: miRNA profiling showed that the levels of the majority of circulating miRNAs were increased at least two-fold (115 out of 179 tested) while the levels of only five miRNAs were found at least two-fold lower after hemodialysis. Validation study confirmed the majority of the array results. Bioinformatics analysis of validated and significantly upregulated miRNAs revealed that gonadotropin-releasing hormone receptor, cell cycle and cell pluripotencyrelated pathways were targeted. Conclusion: Hemodialysis alters serum miRNA expression profile and this alteration may result in disruption of pathways contributing to subfertility and increased risk for cancer development being pathologies associated with hemodialysis.
Introduction
Chronic kidney disease (CKD) is a major problem worldwide affecting more than 10% of the general population [1] . CKD is divided into five stages with CKD 1 indicating preserved kidney function but with kidney damage (e.g. albuminuria) while CKD 5 indicates severe renal failure and is known as end stage renal disease (ESRD). The last phase of CKD-stage 5 means that the renal clearance of solutes is too low to survive without dialysis or a kidney transplant. Currently more than two million people worldwide require renal replacement therapy to sustain life [2] .
Despite of removing uremic toxins, hemodialysis itself drastically activates leukocytes and complements. This induces, in an indirect way, diverse molecular changes which most frequently stimulate oxidative stress and inflammation being a signature of developing comorbidities [3] [4] [5] . Long-term hemodialysis has been associated with an array of pathologies including mainly cardiovascular diseases and risk of cancer [6] [7] [8] . In addition, male hemodialysis patients are frequently subfertile, partly attributed to disturbance of the hypothalamus-pituitary-gonadal (HPG) axis [5] .
A class of molecules that regulate all biological processes underlying medical conditions are microRNAs (miRNAs). miRNAs are small non-coding RNAs (sncRNAs) which regulate target mRNAs, primarily by suppressing their expression. miRNAs target even up to 60% of mammalian messenger RNAs (mRNAs) regulating expression of genes post-transcriptionally, either by inhibiting protein translation or promoting mRNA degradation [9, 10] . miRNAs as well as other sncRNAs are present in biofluids where they exhibit high stability and their expression pattern differs in pathological conditions. Therefore, they have emerged as a new class of biomarkers which can be used not only as diagnostic tools but also to monitor efficacy of treatments. miRNAs present in the extracellular space are associated with different transport forms increasing their stability and assisting in targeting distant organs and tissues. They are found encapsulated in microvesicles, trapped in apoptotic bodies, bound to high density lipoprotein (HDL) or to Argonaute family proteins [11] . Serum miRNAs not only passively carry information about intracellular processes occurring in the tissue of origin but they can be taken up by distant cells and tissues where they actively regulate gene expression [11, 12] . As a result, change in the profile of serum miRNAs does not only reflect changes in a particular tissue but also mediates changes in the homeostasis of the organism.
It is unknown how exactly hemodialysis alters the profile of miRNAs in the serum. Three studies to date [13] [14] [15] present fragmented information on selected serum miRNAs in patients undergoing hemodialysis. Therefore, to address this gap, the aim of this study was to investigate if the process of hemodialysis alters the profile of miRNAs in serum in young men and identify a potential link with development of pathologies associated with hemodialysis.
Materials and Methods

Study design and patients
This study was approved by the Regional Ethics Committee at Lund University, Sweden (No. LU 541/2008), and all subjects provided written informed consent to participate in the study. The study adheres to the Declaration of Helsinki.
For miRNA profiling serum samples were collected from three men: 1) age 43, time on dialysis 74 months, unknown kidney disease, 2) age 44, time on dialysis 25 months due to polycystic kidney disease, and 3) age 43, time on dialysis 28 months due to polycystic kidney disease. They were dialyzed on high flux HD filter Polyflux 21 (Gambro, Lund, Sweden). Treatment time was four hours three times a week. None of the patients were taking any immunosuppressive drugs. Two serum samples were obtained midweek, before and after the hemodialysis treatment. All the predialysis samples were drawn between 8-9 a.m.
For validation 10 men with ESRD on hemodialysis were consecutively enrolled in October 2017 
RNA extraction
Serum was centrifuged at 3000 × g for 5 min to remove any insoluble components. Extracellular and circulating free RNA was isolated from identical serum volume (200 µL) by using miRCURY™ RNA Isolation Kit-Biofluids (Exiqon, Vedbaek, Denmark) according to the manufacturer's instruction. Glycogen was added (10 µg/ml) to each sample to increase yield of RNA. For miRNA profiling a fixed amount of synthetic spike-ins (UniSp2, UniSp4 and UniSp5) was added at the beginning of RNA extraction according to the manufacturer's instructions, to monitor RNA loss during the procedure. For the validation analyses, cel-miR-39-3p was used as an external normalizer. RNA was extracted simultaneously from all samples.
Profiling of miRNAs in serum
Equal amount of RNA was reverse-transcribed into complementary DNA (cDNA) by using Universal cDNA Synthesis kit II (Exiqon). The mix of UniSp6 and cel-miR-39-3p RNA spike-ins was included in the reaction to control for cDNA synthesis inhibition. In order to identify whether hemodialysis alters the profile of serum miRNAs we analyzed the miRNA levels in individual serum samples from three patients using Serum/Plasma Focus microRNA PCR Panel (V4.M) (Exiqon) covering 179 miRNAs most frequently found in serum. Reactions were carried out using the ExiLENT SYBR Green (Exiqon) and run on a ViiA . Baseline start and end cycles, and threshold were set manually according to guidelines predefined by Exiqon. All assays were checked for distinctness of melting curves.
Validation
In the validation step miScript II RT Kit (Qiagen, Hilden, Germany) with HiSpec Buffer was used. In order to validate results obtained after miRNA profiling, qPCR was carried out to detect most dysregulated miRNAs. Reactions were carried out in duplicates using the miScript SYBR Green PCR (Qiagen) and AriaMx Real-time PCR System (Agilent, Santa Clara, CA, USA).
Data analysis
Quality control was performed according to the manufacturer's instructions (Exiqon, Denmark) for: negative controls, outliers, spike-ins profiles and markers of hemolysis based on the results of the formula ΔCq (miR-23a-3p -miR-451a) where miR-451a is erythrocyte specific and miR-23a-3p is stably expressed and the result above seven indicates hemolysis [16] . Since there was possibility of some miRNAs to be eliminated from the serum during hemodialysis, for miRNAs in which one of the two samples (before or after hemodialysis) did not provide any PCR product (no Cq value) a Cq value of 40 was set, representing the lowest detectable amount. The differential expression of miRNAs before and after hemodialysis was calculated according to the following formula 2 -(ΔCq)
. External miRNAs were used to normalize results. Changes in expression are presented as medians.
For the validation analyses, Wilcoxon signed-rank test was performed to test differences between paired samples. Results are presented as median (interquartile range, IQR). p-value below 0.05 indicated statistical significance. The statistical analysis was done by using IBM SPSS Statistics software (v. 23.0, Chicago, IL). Bioinformatics analysis was performed in order to identify target pathways and functions of differentially expressed miRNAs. Validated mRNA targets of selected miRNAs were found using miRWalk v.2.0 (http:// zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/miRpub.html) [17, 18] . Since results of pathway analysis from different tools utilize different algorithms and nomenclature, we used two most recently updated and most frequently used classification systems: DAVID (The Database for Annotation, Visualization and Integrated Discovery, v.6.8) [19, 20] and PANTHER (Protein ANalysis THrough Evolutionary Relationships, v.11.1) [21] for discovery of related biological processes, molecular functions and cellular components and identification of signaling pathways potentially affected by proteins targeted by selected miRNAs. p-values were adjusted for multiple testing and the false discovery rate (FDR) was controlled by Benjamini-Hochberg procedure in Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.
Results
Changes in miRNA profile after hemodialysis procedure
The expression pattern of miRNAs in the serum of dialysis patients before and after hemodialysis was analyzed. The levels of most serum miRNAs were noticeably elevated after a hemodialysis session. Median expression of 115 miRNAs was elevated at least two-fold after hemodialysis including 71 miRNAs elevated at least threefold, 24 miRNAs elevated at least five-fold and 13 miRNAs elevated at least 10-fold (Fig. 1) . Median expression of five miRNAs was at least two-fold lower in comparison to samples before hemodialysis (Fig. 1) . The individual miRNAs affected are shown in Table 1 . Fig. 1 . A histogram presenting changes in the levels of serum miRNAs after a hemodialysis session in the exploratory study.
Fig. 2.
Relative expression levels of statistically significantly changed miRNAs in sera collected before (B) and after (A) hemodialysis session (n=10). miRNAs with expression changes above 10-fold were initially chosen among 179 miRNAs evaluated in the preliminary study. Levels of miRNAs are normalized to celmiR-39-3p. The difference before and after hemodialysis was tested by using the Wilcoxon signed-rank test. p<0.05 indicates a statistically significant difference. FC, fold change.
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Validation
To confirm the trend observed in the profiling step, validation was performed for miRNAs which expression was at least 10-fold increased. The changes of miRNA levels in the validation analysis ranged between 2.7-15.0-fold, however not all miRNAs tested were found to be significantly affected by hemodialysis and fold changes were less pronounced than in the screening phase. Additionally, different basal miRNAs expression levels were observed at the inter-individual level. Detailed results are presented in Fig. 2 .
Signaling pathway analysis for protein-coding genes controlled by miRNA upregulated during hemodialysis
Pathway analysis was performed based on genes targeted by miRNAs found elevated more than 10-fold (median value) after dialysis in the array analysis, and their increase was subsequently confirmed at the validation stage (Fig. 2) . Analysis using miRWalk identified 2427 validated target genes of the selected miRNAs (hsa-miR-376a-3p, hsa-miR-197-3p, hsa-miR-495-3p, hsa-let-7e-5p, hsa-miR-885-5p, hsa-miR-132-3p, hsa-miR-146b-5p, hsamiR-223-5p, hsa-miR-186-5p, hsa-miR-532-3p). Bioinformatics analysis of these genes was performed using two classification systems, DAVID and PANTHER, to identify pathways potentially regulated by miRNAs targets. The results of Gene Ontology analysis of the target genes, including classes associated with biological processes, cellular components, and molecular functions are presented in Fig. 3 .
Discussion
The main finding of this study was that after the hemodialysis session we observed changes in the pattern of miRNA expression profile in the serum. Changes in the levels of individual miRNAs varied from no change (considered as less than two-fold) to over 10- Fig. 3 . Classification of genes potentially regulated by miRNAs at the end of hemodialysis procedure based on their function. (A) KEGG and (B) PANTHER pathways were analyzed using DAVID and PANTHER classification systems, respectively. Top 10 GO terms including biological processes, cellular components and molecular functions are listed in panel C. The charts were built based on genes targeted by the miRNAs which displayed at least 10x higher expression after hemodialysis in the profiling study and were validated in an independent group showing statistically significant changes. The negative log 10 of FDR is plotted on the x-axis in KEGG analysis. The negative log 10 of p-value is plotted on the x-axis in PANTHER analysis. fold change. Bioinformatics analyses revealed that these miRNAs targeted the gonadotropinreleasing hormone receptor (GnRHR) pathway, and pathways related to tumorigenesis and inflammation/angiogenesis. To the best of our knowledge this is the first report investigating the effect of hemodialysis on serum miRNA profile and providing a potential pathogenetic link to dialysis-associated diseases. Indeed, subfertility and increased risk for cancer and inflammatory/cardiovascular diseases are among the observed pathologies in hemodialysis patients.
Earlier independent reports had shown upregulation of miR-499, miR-21-5p, miR-210, miR-122-5p and miR-885 in the serum following hemodialysis [13] [14] [15] . Our analysis confirmed upregulation of miR-21-5p, miR-210-3p, miR-122-5p and miR-885-5p while miR-499 was not included in the panel analyzed, further supporting upregulation of miRNAs in the serum of hemodialysis patients signalized previously by Rivoli et al. [15] .
Several studies showed dramatic elevation of cell-free nucleic acids after hemodialysis [22] [23] [24] . It was suggested that it can be an effect of apoptosis being a consequence of the direct contact of cells with membranes [22] . In addition, contact of neutrophils and other immune cells with hemodialysis membranes may trigger secretion of inflammatory miRNAs. Another potential reason for elevated miRNA levels could be binding of miRNA to proteins of molecular weight higher than 30-40 kDa which are not cleared by hemodialysis [13] , but since the increase of most miRNAs was higher than the effect of hemoconcentration of the plasma due to removal of water, this hypothesis is less likely.
Since expression of some miRNAs was initially found over 10-fold higher or for one of them lower after hemodialysis, and given the fact that serum miRNAs can affect gene expression in distant tissues, we hypothesized that these changes may alter gene expression in target tissues and contribute to hemodialysis-related pathologies and co-morbidities. To determine signaling pathways affected by the miRNAs exhibiting the most pronounced change after hemodialysis we performed an in silico analysis. The results highlighted that target mRNAs encode proteins involved in transcriptional regulation, and are primarily localized in the nucleus and cytoplasm. We then performed bioinformatics analysis focused on biological functions of these proteins. The results revealed that the miRNAs found increased after hemodialysis might affect transcripts for proteins involved in GnRHR pathway (thus potentially contributing to subfertility), proteins involved in cell proliferation and pluripotency (thus contributing to tumorigenesis), and proteins involved in angiogenesis and inflammation/metabolic pathways such as TGFβ.
Disturbances in the HPG axis have been reported among male patients on hemodialysis and are thought to contribute to subfertility [5] . It is known that changes in GnRHR pathway may result in fertility impairment [25, 26] . It has been reported that in male patients on hemodialysis testicular volume, being a parameter of spermatogenesis, is significantly smaller partly explaining poor semen quality. However, the mechanism involved remains unclear [5] . Another pathway identified as dysregulated by the miRNAs increased during hemodialysis was the cholecystokinin receptor (CCKR) signaling pathway. A recent study in mouse models and human cells revealed that CCK and CCKR regulate mature sperm capacitation and subsequent fertilization capacity [27] , suggesting an additional mechanism through which changes in serum miRNAs can affect fertility in male hemodialysis patients.
Bioinformatics analysis revealed that cell pluripotency, cell cycle and components of Hippo and p53 signaling pathways were affected by the miRNAs the levels of which increased after hemodialysis. The Hippo and p53 pathways are important in retaining the balance between cell division and apoptosis [28, 29] which, when disrupted, results in tumorigenesis. Similarly, cell cycle regulatory proteins and proteins regulating cell pluripotency also contribute to tumorigenesis. Cancer development is another risk in ESRD patients. The risk of renal cancer development can be up to three-fold higher compared to patients from general population without ESRD [6] [7] [8] 30] . Another cause of malignancy in patients undergoing hemodialysis may be metabolic changes or immune dysfunction induced by dialysis [7] .
Transforming growth factor beta (TGF-β) pathway was also identified as potentially affected by miRNAs found elevated in the serum after hemodialysis. This pathway is involved Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry in immune cell regulation and TGF-β alone is known to contribute to immunosuppression and it also contributes to wound healing. Patients on hemodialysis exhibit increased inflammation [31] and inflammatory diseases are associated with hemodialysis including cardiovascular and metabolic disorders [32] [33] [34] . The present study has limitations. Diurnal variation for miRNAs levels should be considered. However, since samples were collected between morning-noon time and single session was not longer than four hours we can assume that our observation was an effect of hemodialysis and not a physiological change through the time, since diurnal variation occurs mainly between day and night and the change is not more than two-fold [35] . Another limitation arises from discrepancies in fold change between the screening and validation studies. In this study we aimed mainly at evaluation of hemodialysis effect on miRNAs expression, thus no exclusion criteria were used regarding the underlying diseases and their severity in both phases of the study, which might have influenced the results. Additionally, at the array analysis stage we opted to analyze individual samples as opposed to pooled samples to avoid interference from inter-individual differences, which were indeed observed at the validation stage. On the other hand, analyzing individual samples may be the reason for not being able to validate all array findings at the validation stage.
In conclusion, this study revealed that a large fraction of serum miRNAs changed upon hemodialysis altering the pattern of miRNAs present in the serum of these patients. Even though such change may be transient, the frequency of hemodialysis treatments and therefore of miRNA profile changes may have detrimental effects on the organism homeostasis. Bioinformatics analysis identified GnRHR-related and cancer-related pathways potentially affected by these changes, supporting that male subfertility and cancer, known to be increased in hemodialysis patients, may be causally linked to changes in serum miRNAs.
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